Thermally induced strains and stresses developed during direct-chill (DC) semicontinuous casting of high strength aluminum alloys can result in formation of micro-cracks in different locations of the billet. Rapid propagation of such micro-cracks in tensile thermal stress fields can lead to catastrophic failure of ingots in the solid state called cold cracking. Numerical models can simulate the thermomechanical behavior of an ingot during casting and after solidification and reveal the critical cooling conditions that result in catastrophic failure, provided that the constitutive parameters of the material represent genuine as-cast properties. Application of fracture mechanics, on the other hand, can help to derive the critical crack length leading to failure. In the present research work, the state of residual thermal stresses was determined in an AA7050 billet during DC casting by means of ALSIM5. Simulation results showed that in the steady-state conditions, large compressive stresses form near the surface of the billet in the circumferential direction, whereas in the center, the stresses are tensile in all directions. Magnitudes of von Mises effective stresses, the largest component of principal stresses and the fracture mechanics concepts, were then applied to investigate the crack susceptibility of the billet.
I. INTRODUCTION
DURING direct-chill (DC) casting of aluminum alloys, large thermal stresses develop inside the slabs (rectangular ingots) and billets (round ingots). These stresses are due to temperature gradients in the metal, and to the thermal contraction, which may result in cracking and failure. [1] The 7xxx series aluminum alloys are more vulnerable to cracking mainly because of poor thermal and mechanical properties in the as-cast condition. Low thermal conductivity values compared to other aluminum alloys result in high-temperature gradients, which in turn lead to accumulation of thermal stresses with different signs and magnitudes in different locations of the billets during DC casting. A large solidification range (470°C to 630°C), on the other hand, makes these alloys prone to solidification cracking called hot cracking. The presence of non-equilibrium phases, with low melting points, especially at grain boundaries and interdendritic spaces provides favorable paths for crack initiation and propagation. Investigation of as-cast mechanical properties of DC-cast 7050 and 7475 alloys has shown that such alloys lose their ductility below 200°C and become extremely brittle, [2] which can make the material prone to cold cracking.
Numerical simulation of thermal stresses during DC casting of these alloys can reveal those stages and locations at which the materials susceptibility to cracking is high. The state of residual thermal stresses during DC casting have been determined by some researchers using various commercial and noncommercial finite element packages. [1, [3] [4] [5] [6] Ludwig et al. [7] and Boender et al. [8] went one step further and used the maximum principal stress and fracture mechanics to assess the critical crack size leading to catastrophic failure. For slabs (width: 1150 mm, thickness: 360 mm, length: 1500 mm) of Al-4.5 pct Cu [7] with the maximum principal stress 80 MPa, the critical crack size was assessed to be 8 mm. In AA2024 slabs (width: 2000 mm, thickness: 510 mm, length: 2000 mm), [8] critical crack sizes appeared to be between 5 and 50 mm for various maximum principal stress values found in different locations. However, such study has not been performed for highly prone to cold cracking 7050 or 7075 alloys over the critical temperature range (200°C down to room temperature) mainly because of lack of necessary data. On the other hand, the derived critical crack sizes can only be realistic providing that the mechanical properties and constitutive parameters used to obtain and evaluate the simulation results are extracted from the samples in the genuine as-cast condition. In the homogenized or stress-relieved states, the material shows higher plasticity [9, 10] and the constitutive parameters are different, which can lead to unreliable simulated stress and strain levels in the billet. Another issue is that such alloys become prone to catastrophic failure over a certain temperature range as a result of fall in the ductility mentioned previously, so the plane strain fracture toughness values must be determined over this temperature range.
In this research work the finite element package ALSIM5* has been used to compute temperatures, thermal stresses, and strains during the starting phase and the steady-state regime in an aluminum 7050 alloy billet. An elasto-viscoplastic model [11] was applied which assumes the strong temperature dependence of the constitutive and mechanical properties in the as-cast condition. The constitutive parameters were gained from room-and high-temperature tensile tests of the material in the as-cast condition. In the experimental part, the plane strain fracture toughness (K Ic ) of the alloy was determined from room temperature to 200°C and was eventually applied to calculate the critical crack size using fracture mechanics concepts.
The results reported in this article will provide input for a cold cracking criterion that can be used for optimizing casting regimes in such a way that the probability of cold cracking becomes negligible.
II. MODEL SETUP
ALSIM5 was used for the computation of the temperature profile and stress/strain fields in the round AA7050 billet. A detailed description of the model can be found elsewhere. [12] [13] [14] [15] Geometry of the setup consisted of hot top, mold, water jet, bottom block, and cast domain ( Figure 1 ). New elements with the size of 0.75 mm are added to the geometry at the casting speed to simulate the continuous casting conditions. So during casting, the bottom block moves downwards while new elements are added to the system, and the mold, hot top, and molten metal retain their initial position. Due to axial symmetry, only half of the billet is considered. Time-dependent thermal boundary conditions are defined to account for filling time, the air gap formation between the billet and the bottom block as well as at the billet surface, and for different heat extraction in different parts of the casting system. [11] The process parameters are listed in Table I .
Chemical composition of the tested alloy is mentioned in Table II . Thermal as well as fluid properties of the alloy were gained from the thermodynamics database JMat-Pro provided by Corus-Netherlands (IJmuiden). The temperature dependence of the coefficient of thermal expansion, specific heat, heat conductivity, fraction solid, density, and kinematic viscosity were extracted and embedded in the model. The liquidus and nonequilibrium solidus were determined using DSC tests as 652°C and 470°C, respectively.
Tensile mechanical properties of as-cast 7050 samples were measured in a Gleeble-1500 thermomechanical simulator (Dynamic Systems Inc., Poestenkill, NY) and the results are shown in Table III . [16] In order to simulate the cooling of the billet from the solidus temperature to room temperature, the extended Ludwik equation was applied:
where K(T) is the consistency of the alloy, n(T) is the strain hardening coefficient, m(T) is the strain rate sensitivity, and e 0 p is a constant equal to 0.001. [17] The values of K(T), n(T), and m(T) (Table IV) were embedded in the model using the ALSPEN fitting functions, [11] where n, m, and K are nonlinear functions of T. In ALSPEN, [11] the total viscoplastic strain has been treated as one quantity. Furthermore, a hardening parameter that accounts for the isotropic strain hardening of the material has been introduced to approximate the material behavior. Strain hardening is only taken into account below some certain temperature, T 0 , since all the viscoplastic strain may be assumed to be generated by creep above T 0 . The aforementioned hardening parameter has been defined as
An onset temperature T 0 , above which the strain hardening can be neglected, was determined to be 663 K. [11] Above this temperature the ALSPEN equations and cohesion model [18] are combined. The Poisson's ratio values were gained from JMat-Pro and are shown in Table IV .
In order to assist the model, the Young's modulus of the material over the post-solidification temperature range and the plane strain fracture toughness were determined through experimental methods, which are discussed in Section III.
III. EXPERIMENTAL RESULTS
Rheological torsion tests were performed for 7050 as-cast samples using an RMS-800 setup in order to measure Young's modulus. The results are shown in Table IV . These results differ considerably from the ones of the tensile tests (Table II) . Initial simulations showed that such differences could cause a considerable difference in the values of thermal stresses especially at high temperatures. Figure 2 shows the Young's modulus values of the 7050 alloy obtained through different methods, i.e., tensile tests, rheological torsion tests, and simulation results gained from JMat Pro. Below 100°C, tensile tests (ASTM results for 7075 and Gleeble for 7050) underestimate the calculated values of Young's modulus, which is mainly because of the creep. Similar [19] and AA7050 through tensile tests are also shown for comparison.
3306-VOLUME 40A, DECEMBER 2009behavior is observed above 350°C in rheological torsion tests. Deviation from the real Young's modulus value is even higher in Gleeble results, which is caused by the different stiffness of the machine relative to the sample. The high strain rate torsion tests, on the other hand, are in good agreement with the simulation results, which were eventually applied in the model. In order to assess the critical crack size leading to catastrophic failure, plane strain fracture toughness tests were performed from room temperature to 200°C following ASTM-E399 regulations. The samples prepared based on the dimensional proportions mentioned in the standard were locally polished around the chevron notch to be able to follow and accurately measure the fatigue crack length. Samples were then fatigue precracked at room temperature to reach the total crack length of 15 mm (including the chevron notch length of 13 mm). The loading rate was chosen in such a way to keep the stress intensity within the range of 0:55 to 2:75 MPaÁm 1=2 Ás À1 : At higher temperatures, samples were first covered with a ceramic coating for insulation and preventing a sudden temperature fall (temperature tolerance was ±10°C) and then kept at desired temperatures in an oven for 20 minutes. The K Ic values from room temperature to 200°C were then calculated using the load-displacement curves and are presented in Figure 3 . As can be seen, there is a slight decrease in K Ic values with increasing the temperature. However, taking the error values into account, the differences are insignificant. Above 200°C, plane strain conditions were not valid any more, mainly because of the sudden fall in the yield strength at that temperature (154 MPa at 200°C to 73 MPa at 300°C). Thus, the crack tip opening displacement (CTOD) values were calculated based on ASTM-E1820-01 as follows: 25°C: 6.4 ± 1 lm; 100°C: 7.8 ± 0.8 lm; 200°C: 11.7 ± 1.5 lm; 300°C: 495 ± 32 lm; 400°C: 780 ± 77 lm and are demonstrated in Figure 4 in a logarithmic scale. As is obvious, below 200°C the material is extremely brittle with CTOD values below 12 lm with a sudden increase at 300°C. Similar trends were observed for the reduction of area in tensile tests [2] and were reported previously by the authors.
IV. SIMULATION RESULTS
Since cold cracking occurs in the completely solid state and even sometimes at room temperature during the sawing attempt, it is necessary to study the state of stresses not only when the steady state is gained but also when the casting and the water flow are stopped. To achieve this goal, simulations were planned to run for 2800 seconds in the following manner: casting for the first 600 seconds, ramping the casting speed to zero from 600 to 700 seconds, cooling the side walls with water flow from 700 to 1000 seconds, switching off the water from 1000 to 1100 seconds, and air cooling from 1100 to 2800 seconds. It is worth mentioning that at this moment the temperature in the entire billet is between 30°C and 60°C. As the steady-state conditions are reached after 200 seconds of casting simulation for the current billet, 600 seconds of casting would be long enough to investigate the evolution of residual thermal stresses built up during the casting process.
Figures 5(a) through (d) show the contour maps of the four components of residual thermal stresses remaining in the billet after 2800 seconds of simulation. The magnitudes and distribution of stresses remained more or less constant after ceasing the casting and the water flow, except for the upper part of the billet close to the mold and water impingement zone. The stress state during transient as well as steady-state conditions has been reported by the authors elsewhere. [20] Radial (along the x-axis) stresses are highly tensile in the center of the billet (with a maximum in the lower part) and reduce in magnitude as we move to the surface ( Figure 5(a) ). The same trend holds for the axial (along the z-axis) and circumferential components of the stress tensor (Figures 5(b) and (c) ). The values of the circumferential component of stress are highly compressive at the surface and highly tensile in the center, with a transition point in the mid-radius. Shear stress components are mainly small and their maximum negative values appear around the water impingement area and in the lower part of the billet in the vicinity of the bottom block ( Figure 5(d) ).
Contour maps of the viscoplastic part of the plastic strain are shown in Figures 6(a) through (d) . The radial component of the plastic strain is mostly tensile in the lower central part of the billet, decreases in the midradius and increases again as we move to the surface of the billet. In the upper parts of the billet it remains homogenous and relatively low in value, except for the surface of the billet. The circumferential component (Figure 6(b) ) appears to be tensile in the bottom center of the billet and by moving to the surface, it turns to compressive with maximum values in the lower right corner. Unlike radial and circumferential components, the axial component of the plastic strain tensor shows negative (compressive) values in the center (with a minimum on top of the bottom block) and by moving to the surface (except for upper part) it converts to tensile ( Figure 6(c) ). The compressive values of the axial plastic strains in the lower part of the billet seem to be unexpected, taking into account the axial stress component. But this is mainly the consequence of compressive axial viscoplastic strain rate near the solidification front, as explained by Fjaer et al. [10] Shear stress components are mainly small with the most negative values in the lower part of the billet in the vicinity of the bottom block ( Figure 6(d) ).
In order to examine the occurrence of plastic yield in the billet, contour maps of the hardening parameter a, effective stress, and accumulated effective strain were used (Figures 7(a) through 7(c) ). In those locations of the billet where the temperature is above T 0 or no yielding is present (a = 0), the total viscoplastic strain is generated by creep, which is the case for the entire center of the billet (Figure 7(a) ). A result of strain hardening can be seen in Figure 7(b) , where the effective stress at the surface is greater than 100 MPa, which is certainly above the 0.2 pct offset yield strength of the 7050 alloy above 200°C (Table II) . High effective stresses at the surface are either the result of high tensile stresses in the water impingement zone or the high compressive values appearing in lower parts (both in the circumferential direction). After the end of casting, high tensile stresses in the water impingement zone disappear and the stress state at the surface becomes highly compressive, which leads to some plastic deformation but is indeed not critical. The maximum value of the effective viscoplastic strain appeared to be 1.26 pct and is observed mainly in the surface of the billet and in the lowest central part on top of the bottom block (Figure 7(c) ). The contour map of the largest component of the principal stresses is also shown in Figure 7 (d). As can be seen, its maximum value appears in the lower central part of the billet (after 200 seconds of casting (Figure 8(a)) ). The evolution of the largest component of the principal stresses and its effect on cracking will be discussed in Section V in more detail.
V. CRACKING ASSESSMENT IN THE BILLET
It is possible to assess the cracking probability using the largest component of the principal stresses assuming that it is acting normal to the crack plane and treating the ingot as a semi-infinite medium. [6] Before turning to that point, let us have a look at the evolution of the largest component of the principal stresses in the billet during casting. Having chosen the origin of the coordinate system in the center of the top surface of the bottom block, the following points were taken for stress analysis: surface (x: 95 mm, y: 24 mm), mid-radius (x: 48 mm, y: 24 mm), center (x: 1 9 10 -5 mm, y: 24 mm), and center + 10 (x: 1 9 10 -5 mm, y: 34 mm) (this point represents the lowest point in the billet with the maximum principal stress). Figure 8(a) shows the changes of the largest component of the principal stresses with the simulation time for the points mentioned previously, and the corresponding computer simulated cooling curves are shown in Figure 8 (b). The principal stress reaches its maximum (51 MPa) at the surface after 73 seconds where the temperature is around 186°C (Figure 8(b) ). It falls afterward mainly because of the change in the stress mode at the surface from tensile to compressive. In the center of the billet, on the other hand, the principal stress reaches its maximum value (73 MPa) after 200 seconds and the temperature is 200°C (Figure 8(a) ). Having reached the steady state, this value falls and remains constant even after ceasing the casting and stopping the water flow. It is also obvious from Figure 8 (a) that the maximum in the principal stress value occurs sooner and with a lower value as we move to the surface (except for the initial peak occurring at the surface mainly because of the initial tensile stresses).
As the largest component of the principal stresses reaches its maximum in the center where the temperature is 200°C, the K Ic value corresponding to this temperature can be applied to assess the critical crack size. Following the same procedure for lower temperatures down to the room temperature using the corresponding principal stress will provide us with the critical crack size leading to catastrophic failure in the billet upon cooling. Taking into account casting practice, cracks with different geometries were assumed to be formed either at the surface or in the center. A penny shaped crack (PSC) was chosen for the center and midradius of the billet. The critical crack size for brittle fracture corresponding to this geometry is calculated as follows based on Griffith's analysis: [21] a c ¼ p 4
At the surface of the billet, the surface breaking semicircular (thumbnail) crack is chosen, for which the critical crack size is related to the K Ic and nominal stress as follows: [22] a c ¼ p
Critical crack sizes leading to the catastrophic failure are presented in Figure 9 in the center, center+10, at the mid-radius, and at the surface of the billet. Since the K Ic values were only measurable at and below 200°C, the critical crack sizes were calculated for the moments that the temperature in the billet falls below the mentioned temperature. The critical crack sizes were calculated by applying Eqs. [3] and [4] to the corresponding principal stress values of the mentioned points in the billet (Figure 8(a) ) and the K Ic values ( Figure 3 ). As can be seen in Figure 9 , for a PSC, the critical crack size leading to catastrophic failure is minimum for the center, center+10, and mid-radius when they are at 200°C, mainly because of the maximum principal stress value reached at this moment. As the temperature falls below 200°C, the principal stress value decreases a little bit leading to larger critical crack sizes at these points. The cracking probability increases also as we move from the midradius to the center. Maximum probability zone starts from 34 mm above the bottom block in the positive y direction (the light-gray zone in Figure 7(d) ). The smallest critical crack size (10 mm), which appears at 200°C, is mainly because of the highest value of the largest component of the principal stresses at this temperature. For the surface of the billet, the maximum principal stress appears after 73 seconds in the water impingement zone where the temperature is around 186°C. At this temperature and under described stress conditions, the critical crack size was calculated 14.1 mm for a thumbnail crack (Figure 9 ). By moving away from the water impingement zone during the casting, the stress at the surface turns to compressive values and the largest component of the principal stresses turns to negative. This results in very large and not realistic critical crack sizes (5.8 m at 100°C and 6.4 m at 25°C), which were not plotted here.
VI. DISCUSSION
Following the evolution of residual thermal stresses in the DC-cast billet mentioned previously, one learns that the stress state in the center of the billet remains tensile for almost the entire casting time except for the very beginning, when it is slightly under compression resulting from the contraction of the surface. At the surface of the billet, on the other hand, stresses are tensile in the water impingement zone, but they turn to compressive upon further cooling. Thus, two critical stages appear during DC casting of high strength aluminum alloys billets of the given size: first at the surface after 73 seconds when high tensile stresses form and second in the center after 200 seconds when the principal stress reaches its maximum value. Large initial tensile stresses at the surface can lead to crack formation in this region, although the compressive stresses formed later may save the billet from failure in this stage. According to fracture mechanics, however, large thumbnail cracks with the critical length of 14.1 mm can catastrophically propagate in the tensile stress field and result in J-cracks. [7, 8, 26] (This occurs mainly in slabs where the stress state in the vicinity of the narrow side remains tensile. [23] ) Apparently such cracks do not get the chance to reach such lengths during the short period of the tensile stress occurrence in billets. In the center of the billet, the situation remains always critical especially after 200 seconds when the largest component of the principal stresses reaches its maximum value (73 MPa). What makes the situation even more critical is the fact that the material loses its ductility and becomes extremely brittle below 200°C (Table II and Figure 4 ). Under these conditions cracks may initiate or the already initiated ones may propagate up to the critical length of 10 to 17 mm for PSCs. Initial cracks in the center of the billet may initiate through hot cracking above the solidus temperature and gradually grow in the tensile stress fields in radial, circumferential, or axial directions until they reach the critical length. From this moment on, the material is prone to cold cracking. An example of such cracks can be seen in Figures 10(a) and (b) showing a 7475 DC-cast billet failed through cold cracking. Chemical composition of this billet is mentioned in Table II . Cold cracking has resulted in splitting the billet open in Fig. 8-(a) Evolution of the largest component of the principal stresses in the center of the billet (24 mm above the bottom block), center+10 (34 mm above the bottom block), mid-radius (24 mm above the bottom block) and at the surface with the same height as mid-radius (computer simulation results), (b) computer simulated cooling curves for the points mentioned above. Figure 10(b) , the crack has stopped near the surface. As is obvious in Figure 10(a) , the macroscopic fracture surface consists of two parts separated by color contrast from each other. The measurement of the width of the narrow bright part at the surface of the billet (3.4 mm) in Figure 10 (a) shows that it is much smaller than the critical crack size (14.1 mm) predicted by fracture mechanics. On the other hand, the wider part of this zone at the surface closer to the bottom of the billet is more than 20 mm in width (longer than the calculated critical length of 14.1 mm). So the crack might be initiated at the surface in the beginning of casting, but did not propagate during casting because of the compressive stress ( Figure 5(b) ). During sawing attempt the compressive stresses were relived and the existing crack of critical size propagated catastrophically from the bottom and surface of the billet. Figure 10(b) shows another case when the crack has propagated along the radial direction, mainly because of the high circumferential and radial components of the stress tensor (Figures 5(a) and (b) ). The crack stopped near the surface when the elastic energy of the tensile stresses was released upon crack propagation. In the meantime, the strong compressive circumferential component of the stress (Figure 5(b) ) at the surface protects the billet from splitting open. Removing this protective compressive-stressed layer during the sawing attempt in cast halls makes the billet defenseless and provides a chance for the existing micro-cracks to propagate catastrophically. It is worth mentioning that cracks mainly propagate along the grain boundaries and interdendritic spaces where the brittle intermetallics (non-equilibrium eutectic phases) are located (Figure 11(a) ). [2, 24, 25] As a result of this, they follow a riverlike pattern and may not eventually get aligned normal to the largest component of the principal stresses. The crack may even stop at the matrix, where the plasticity is high enough to cease the brittle fracture (Figure 11(b) ). Thus, the final shape and microstructural features of the micro-cracks are the main factors that make cold cracking an unpredictable phenomenon. In fact, the triaxial stress state in the billet and the preferable propagation path along the grain boundaries and interdendritic spaces might drive the micro-cracks in such a way that none of them get eventually exactly aligned normal to the largest component of the principal stresses nor reach the critical length for catastrophic propagation. In this case, no cold cracking occurs.
VII. CONCLUDING REMARKS
Thermomechanical simulation of residual thermal stresses in an AA7050 DC-cast billet revealed that large tensile stresses might form in the water impingement zone at the surface and in the center of the billet. Such stresses can result in formation of micro-cracks especially in the center of the billet, where all components of the stress tensor are tensile. After 200 seconds, the largest component of the principal stresses reaches its maximum in the center of the billet, where the material is extremely brittle because of the fall in the ductility at that temperature. Since the magnitude and distribution of the residual thermal stresses would not change unless the billet is annealed or cut, the billet remains vulnerable to cold cracking after 200 seconds of casting. Any micro-crack or defect formed during or after the solidification may propagate due to the tensile stress field especially in the center of the billet and reach the critical value for catastrophic failure. Large compressive circumferential stresses at the surface may save the billet from failure in the initial stage. Removing the protective outer shell (with large compressive stresses) of the billet during, e.g. sawing results in changing the distribution of the stresses in the billet and provides a chance for propagation of existing defects or micro-cracks. Our results show that cold cracking of high strength aluminum alloys requires the presence in the structure of defects with a considerable length. Such defects can be micro-cracks at the interface of matrix with intermetallics, [2] chain of porosities or inclusions, or hot tears formed in the solidification range, which requires further investigation. However, it is worth mentioning that the complexity of the microstructure in the as-cast condition and the geometry of defects play an important role in ceasing the crack or leading to catastrophic failure.
